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Abstract 

We consider Lorentz violation in supersymmetric extensions of the standard 
C"'- model. We perform a spurion analysis to show that, in the simplest natural 

constructions, the resulting supersymmetry-breaking masses are tiny. In the 
£N) . process, we argue that one of the strongest bounds on Lorentz violation in the 

| photon Lagrangian, which comes from the absence of birefringence from distant 

astrophysical sources, does not apply when Lorentz violation is parametrized 

by a single vector. 
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1 Introduction 

o . 

ps| ■ Of the various ideas for physics beyond the standard model, supersymmetry is es- 

pecially appealing because it is the unique extension of the Poincare group in four 
\q \ dimensions. Given the central role of Poincare symmetry in the standard model, and 

the wealth of relevant experimental data at a wide range of energies, it is hard to 
imagine that it can be broken. But precisely because of its central role, it is impor- 
tant to test Poincare invariance and to understand the consequences of its possible 
breaking [1-4]. In this letter, we will explore the implications of this breaking for 
supersymmetry breaking. Consider for example a chiral superfield with a scalar field 
\ s, a fermion ip, and an auxiliary component F. Under a supersymmetry variation, 

\Tl ' the fermion transforms as 

Hi S^-a^s + ZF, (1) 

where £ is the parameter of the variation. If the Lorentz-scalar F is non-zero, su- 
persymmetry is broken with Poincare symmetry intact. Virtually all studies of su- 
persymmetry breaking rely on such scalar F term, or D-term, VEVs. Here he will 
consider instead the possibility that dnS is non-zero, so that supersymmetry is bro- 
ken together with Poincare invariancqj. Can this breaking generate weak-scale soft 
masses? In the "gauged ghost condensation" models of [5], the Lorentz breaking 
scale can be as high as 10 15 GeV [5,6], so it is intriguing to ask whether it can lead 
to soft masses that are sufficiently large. 

To answer this question, we will use a spurion analysis in a supersymmetric 
extension of the standard model. Namely, we will assume that Poincare invariance 
is sponatneously broken in some hidden sector, with some field obtaining a Poincare 



C3 



1 Additional examples of the relation between Poincare breaking and supersymmetry breaking 
are discussed in Appendix A. 



1 



violating VEV. We will then treat this field as a spurion, and analyze the minimal 
supersymmetric standard model (MSSM) Lagrangian in the presence of this spurion, 
in order to estimate the size of the resulting soft masses relative to the scale of Lorentz 
violation^! We emphasize that we do not consider here any additional source of 
supersymmetry breaking apart from the Lorentz violating spurion. It is well known 
of course how to generate soft masses for the MSSM by non-zero F-terms or la- 
terals. Here we are interested in whether the dominant source of soft masses in 
the MSSM can be associated with Lorentz violation, so we assume that no other 
supersymmetry-breaking spurions, namely, nonzero F-terms and D-terms, exist. 

In section |2l we will consider a spurion which resides in a chiral superfield as in 
eqn. ([T]). Terms involving only regular derivatives of the spurion superfield will repro- 
duce the results of [7], which imposed only supersymmetry on the MSSM fields, and 
studied the Lorentz structure of the Lagrangian_|. However, terms with superspace 
derivatives acting on the spurion will generate soft terms, as well as explicit super- 
symmetry breaking terms for the MSSM fields. As we will show, the suppression 
of scalar masses is identical to the suppression of Lorentz violation in the fermion 
kinetic terms. Bounds on these Lorentz violating terms then imply that the soft 
masses generated are tiny. Interestingly, all other Lorentz violating operators are 
consistent with weak scale (or higher) soft masses. 

In the simple model we will construct, CPT is automatically conserved. It is 
interesting to note that supersymmetry breaking from Lorentz violation is similar 
to .D-term breaking, in that it preserves R symmetry. As mentioned above, the 
soft masses will be constrained by Lorentz violation in the fermion sector. Lorentz 
violating operators in the photon sector are not problematic. As we will show in 
section 12. 3[ the most stringent bound on these operators, which comes from birefrin- 
gence, does not apply for models in which Lorentz violation can be parametrized by 
a single vector field vacuum expectation value (VEV), as is the case here. 

In section [3] we will discuss the VEV of a Goldstone boson field [8]. Such con- 
structions seem promising candidates for supersymmetric generalizations of gauged 
ghost condensation models [9]. 

For completeness we list the relevant spurion couplings to the MSSM fields in 
Appendix B. 

2 With a slight abuse of notation, we will use the term "Lorentz violation" in the following since 
this is the term commonly used in the literature. We note however that in the supersymmetric 
setting wc will consider, translations symmetry is almost always broken by the background. 

3 Bccause of the spurion we use, our analysis will only reproduce those terms of [7] that can be 
generated with a single Lorentz violating vector. 
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2 Chiral superfield spurion 



We first consider Lorentz violation from a coordinate-dependent scalar field VEV. If 
this scalar field is the lowest component of a chiral superfield S then, 

S = six") - ida^dd^s +••• (2) 

where the dots stand for terms involving the fermion and auxiliary components. We 
take 

(d^s) = e**E 2 N„ (3) 

where is a timelike unit vector, E is some energy scale, and is a constant phase. 
There is then a special "ether" frame in which iV M = (1,0,0,0), and the rotation 
group is unbroken. 

Since the s VEV is coordinate dependent, direct couplings of S to the MSSM 
fields would lead to explicit coordinate dependence. To avoid this we impose a shift 
symmetry following [3], 

S -> S + A (4) 

where A is a constant. The Lagrangian therefore contains only regular derivatives 
and superspace derivatives of S, which give two Lorentz breaking spurions, 

(dpS) = e^E 2 N, 

(D a S) = -2te^aZJ«E 2 N,. (5) 

The VEVs of higher derivatives of S either vanish, or can be written in terms of (J5J). 
In the following, we will examine the possible couplings of S to the MSSM fields. 
These will give rise to soft supersymmetry-breaking terms, as well as to Lorentz 
violating terms. Note that, as in D-term breaking, supersymmetry can be broken 
without R symmetry breaking, since we can choose S to have zero i?-charge. There- 
fore, gaugino masses are either zero or suppressed compared to squark masses. 



2.1 Superpotential 

Since the field DS is not chiral it can not appear in the superpotential. The super- 
potential therefore involves only regular derivatives of S 

W = W(d^S) . (6) 

Consider the MSSM chiral field Q. Its regular derivative d^Q is chiral, but not 
gauge invariant. The covariant derivative, 

= - l -a™D A V a (7) 

with 

V a Q ee e- y D a {e v Q) , (8) 
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is not chiral however, and therefore cannot appear in the superpotential. This means 
that we can not contract d^S with derivatives of the MSSM superfields in the super- 
potential. 

Couplings of the form 

W ~ WSdnWo , (9) 

where Wo is some gauge invariant combination of the MSSM fields, are allowed, 
but would give total derivative terms. The only relevant couplings therefore involve 
self-contractions of d^S, 

W ~ (d^SyWo , (10) 

where Wo depends on the MSSM superfields. Such terms merely give Lorentz- 
preserving renormalizations of the MSSM superpotential. Therefore, the superpo- 
tential does not give rise to either soft terms or to Lorentz violation. In the following 
we will impose an additional global U(l) symmetry on S in order to forbid danger- 
ous Lorentz violating terms in the Kahler potential. Since cannot appear in the 
superpotential, the couplings (Q and (TlOT) are then forbidden, and the superpotential 
does not contain any S couplings to the MSSM. 



2.2 Kahler potential: the minimal model 

The Kahler potential is a lot less restricted. It is easy to see that the lowest order 
term that leads to scalar masses is 

K ~ ±D«SD a SD & SlD & &QiQ , (11) 

where Q denotes an MSSM matter superfield, and M is the high scale at which 
Lorentz violation is communicated to the MSSM. We will usually take this scale to 
be the Planck scale. The resulting scalar masses are 

*}~(|)V ("I 

Gaugino masses require explicit i?-symmetry breaking, and are generated at lowest 
order by, 

K ~ —D a SD a SD 6l SW & S j ' W a W a + ex., (13) 

giving 

m,~(|)'j|f. (14) 

The full list of S couplings to the MSSM (to lowest order) appears in Appendix B. 
We can forbid many dangerous Lorentz-violating terms in this list by imposing a 
global U(l) symmetry under which S is charged, with all MSSM fields neutral. The 
only surviving terms then contain pairs of S and S\ so that the vector only 
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appears an even number of times. As a result, CPT is preserved. In fact, if we also 
require i?-invariance, the only other surviving terms are 

^d,SD^Q^e v a^ a V a Q , (15) 

-j^D a SD^V^e v V a Q . (16) 

For any Abelian gauge field we can also write down the following R-invariant operator: 

^(D a SW a )(D & S^) . (17) 

Despite its strange form, the operator (fl5l) does not mediate Lorentz violation to 
the visible sector. Its explicit contribution to the Lagrangian is: 

e\ a - jeV 



L ~ 4 \M) ~ Al \m) ( V^<? + \ F \) > ( 18 ) 

where *3i denotes the usual covariant derivative with respect to the standard model 
gauge group. Thus, this operator just gives harmless renormalizations of the kinetic 
terms for both bosons and fermions. 

The operator (fT6l) mediates both Lorentz and supersymmetry breaking to the 
visible sector. It gives rise to the Lagrangian 

£= -SiC^Ytlja^^-SiC^yN^N^S)^- (19) 
16C(f ) 4 N„N v ^q*^q , 

where we introduced the numerical coefficient C, which is actually a matrix in flavor 
space. This term manifestly violates supersymmetry. While its contribution to the 
fermion kinetic term contains both Lorentz violating and Lorentz preserving terms, 
its contribution to the scalar kinetic term is completely Lorentz violating. 

The suppression of these terms is equal to the suppression of squark masses (see 
eqn. (|T2l ). The numerical coefficients C would be different generically for left-handed 
and right-handed fields of the standard model. We therefore denote them by Cl and 
Cr. In terms of 4d Dirac spinors, using the notations of [1], the second term of 
eqn. ffT9]) then leads to the following Lorentz-violating modification of the fermion 
kinetic terms, 

£ = ic^jV®^ + id^^ 5 ^^ (20) 



with 



4 (5) j w c7 *+ c w ( 21 ) 



d,*, = 4( — ] NMCl-Cr) . (22) 
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rriq 
M 


C J 


~ doj 


H M 


CJK 


~ djK 


M M 



Note that the standard model gauge group structure imposes the condition Cj/ = 
C L . In principle, the matrices and d^ v have non-diagonal elements in flavor 
space and cause flavor- changing Lorentz violation which is severely constrained [2]. 
In the following we will concentrate on the diagonal terms, since, as we will see, even 
these are very problematic. 

Combining these results with (fT2l) and assuming no accidental cancellation be- 
tween the left-handed and right-handed parameters we conclude that 



(23) 



Here j3 is the velocity of the earth (where the relevant measurements are performed) 
relative to the ether frame, and J,K are the spatial directions. The clock comparison 
experiment [10] gives \cjk\ < 10~ 27 for the neutron. A similar bound should hold for 
cjk at the quark level. Since the Earth's speed relative to the ether is presumably 
at least as large as its speed relative to the CMBR, we take (3 ~ 10 -3 , so that the 
squark mass is bounded by 

m q < 10" 21 M . (24) 

Even if M is the Planck scale, this is four or five orders of magnitude too low! 
The experimental bounds on d^ v are even stronger. For the electron [11], 

|6(e")x,y| < KT 29 GeV , (25) 

which translates into (see ref. [11] for the definition of b(e~)x,Y) 

\d j\ < 10~ 29 and m < 10~ 26 M . (26) 

However, this bound is not necessarily applicable in our theory. If the hidden and 
visible sectors only couple through gravitational loops [5], the coefficients of 
eqn. ( I19p would be identical for all the MSSM fields, and d^, which is proportional 
to Cl — Cr, would vanish. 

Our spurion analysis reproduces many of the operators of [7], which wrote down 
a Lagrangian for the standard model fields (taken to transform in the usual represen- 
tations of the full Poincare plus supersymmetry algebra) imposing only supersym- 
metry and translation invariance. Lorentz invariance then emerges as an approxi- 
mate symmetry of the low-energy theory, with Lorentz violating terms appearing at 
dimension-5 and higher. This Lagrangian is simply reproduced in our analysis by 
terms involving different powers of d^S (we can only reproduce of course terms that 
can be generated with a single vector spurion). For example the Kahler potential 
operator 

^e V V,Q (27) 



6 



of [7] originates from 

-^PSQWVpQ . (28) 

2.3 Lorentz violation in the photon Lagrangian 

As we mentioned above, once we impose the global U(l) symmetry, the lowest order 
Lorentz violating operator in the gauge sector is the photon operator (TTTT) . Interest- 
ingly however, the Lorentz violating terms arising from this operator alone do not 
constrain significantly the scale of Lorentz violation, and are in fact consistent with 
weak-scale scalar masses. The main reason for this is that the most stringent bound 
on Lorentz violation in the photon Lagrangian, from birefringence of light from dis- 
tant astrophysical sources [12], simply does not apply here, or more generally, in 
models where Lorentz violation can be parametrized by a single vector. As shown 
in [12], the Lorentz violating photon LagrangianB 

AC=(k F )^ pa F^F^ (29) 

with arbitrary k F , leads to different dispersion relations for the two independent 
photon polarizations 

E ± = (l + p±a)\p\ , (30) 

where 



P=-\k, and a = \j]^{k a p) 2 - P 2 , (31) 

with 

y# = {k F )^»Mz. . (32) 
\w 

The polarization of light from a celestial object is then wavelength-dependent. Since 
the effect is also proportional to the distance from the light source, refs. [12] use mea- 
surements of polarized light coming from distant objects to bound some components 
of k F at the level of 10~ 32 . 

However, in our case, and whenever Lorentz violation is due to a single vector, 

_E x 4 



(&fW ~ \m) N ^][pK] • (33) 

It is easy to see that for k F of this form a vanishes identically^]. Therefore, whenever 
Lorentz violation can be parametrized by a single vector VEV, it is not constrained 
by birefringence. 



4 While we cannot write the analogues of (fT"7|) for non-Abelian gauge fields, Lorentz violating 
terms such as (|29p will be generated radiatively, from "vacuum polarization" amplitudes with 
Lorentz violation and supersymmetry breaking insertions. 

5 To leading order in kp. 
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The next relevant bound on kp comes from cavity resonator experiments [12, 13] 
which give k F < 1(T 15 - 1(T 16 . This gives f3 2 {E/M) A < 10" 16 , and therefore m- q < 
10 _10 M, which can be very high. We note however that the analysis of [13] assumes 
that some components of the tensor kp are zero, motivated by the birefringence 
bound discussed above. 



3 A Goldstone— or vector field— spurion 

The Lorentz violating operators we considered in the previous section were sup- 
pressed by large powers of the high scale M, because they had to involve derivatives 
of the spurion. Another way to implement the shift symmetry is to consider a 
coordinate-dependent VEV of some Goldstone boson [8]. The simplest example is 
a chiral superfield G, charged under a global U(l), whose lowest component has a 
coordinate-dependent VEV of the form 

(g) = Ac***' , (34) 

with 

d^ = EN lM . (35) 
The spurion chiral superfield is then 

1 



G = Ae l(p + EKN^6e l<p - ^E 2 Ke^6699 . (36) 

Because of the U(l) symmetry, only the combination G^G, which is coordinate- 
independent, is allowed. In fact, this choice seems like a good starting point for 
supersymmetrizing the "gauged ghost condensation" construction, since we can sim- 
ply gauge the U(l) symmetry. The basic invariant to consider is then 

G ] e u G , (37) 

where U is the U(l) gauge superfield. Clearly, from the point of view of our spurion 
analysis, there is no difference between a vector field spurion, 

U = ... + 6a^e Ull + . . . , (38) 

with 

(« M > = ENp , (39) 

and the combination G^G, so for concreteness we will consider the latter in the 
following. 

Since we must have both G and G\ no Lorentz violating operator can appear 
in the superpotential. The lowest-dimension Kahler potential operator coupling the 
spurion to the MSSM fields is 

K~<*W. (40) 
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This operator gives supersymmetry-breaking scalar masses of order, 




(41) 




(42) 



Unlike in the previous section, this term contains a single power of and is CPT 
odd. It is therefore severely constrained, both by neutral-meson oscillations [14] , and 
by terrestrial clock experiments [11]. The latter give 



For the scalar mass (|4ip to be of order a TeV, we then need E much higher then the 
Planck scale. 

4 Conclusions 

In this letter, we studied the implications of Lorentz violation in some hidden sector 
for supersymmetry breaking in the MSSM. It is easy to see that Lorentz violating 
VEVs can simply mimic F-term or D-term supersymmetry breaking. The Lorentz 
violating spurion typically involves 8^9, so its square gives the usual 9 2 9 2 contri- 
bution. This depends of course on the form of Lorentz violation. For example, for 
a lightlike vector N^, the soft masses we found vanish, because they are propor- 
tional to N 2 , whereas supersymmetry breaking terms such as eqn. (Fl9l) remain. As 
in D-term breaking, Lorentz violation can lead to supersymmetry breaking without 
.R-symmetry breaking. 

Even though the combination of supersymmetry and an additional U(l) symme- 
try can forbid the most dangerous Lorentz violating terms for the standard model 
fields, and in particular, CPT-odd terms, bounds on Lorentz violating fermion terms 
imply that the resulting contributions to scalar and gaugino masses are tiny. One can 
also imagine models in which direct couplings of the MSSM to the Lorentz violating 
spurion are forbidden, and supersymmetry breaking is transmitted to the MSSM 
through messenger fields as in gauge- mediation models [15]. Lorentz violating terms 
for the MSSM fields would then be generated radiatively, and again, the bounds on 
these would probably imply that the allowed supersymmetry-breaking terms are very 
small. Still, such a setup would have the advantage that all supersymmetry breaking 
and Lorentz violating terms in the MSSM would be flavor blind. As we saw, this 
avoids many bounds on Lorentz violation. 

We did not study here the origin and dynamics of Lorentz violation. It would 
be interesting to extend the analyses of [3, 5] to the supersymmetric case, and we 
pointed out one possible starting point for such an analysis. 



A 2 E 



< 10" 29 GeV . 



(43) 



M 2 
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Note added: After this work was completed, ref. [16] appeared, which extends Very 
Special Relativity to supersymmetry, with "half" the supersymmetry preserved. 
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A Different Lorentz Violating Spurions 

We are interested in sponatnous Poincare breaking in 4d theories with M = 1 global 
supersymmetry. The relevant Poincare-breaking VEVs can therefore appear either 
in the chiral supermultiplet, or in the vector supermultiplet. Consider first the chiral 
supermultiplet. The only possible Poincare breaking it can contain is from a nonzero 
VEV of d^s, where s is the scalar field. The variation of the fermion is then given 
by ([I]) and is nonzero, so that supersymmetry is broken. (This type of spurion is 
considered in Section 2.) 

In the vector multiplet, there are a few possibilities. First, the field strength 
could obtain a VEV. Then, the variation of the gaugino is non-zero, since 

8$\ = i£D + o^iF^ , (44) 

where A is the gaugino and D is the auxiliary field. 

Second, the gauge boson could get a VEV. If this vector is associated with 
an unbroken gauge symmetry, this VEV is unphysical and can be rotated away. If 
however the vector is associated with a spontaneously broken gauge symmetry, then 
the VEV can be gauge rotated into a coordinate-dependent scalar field VEV. 
(This type of spurion is considered in Section 3.) 

In principle, one could also consider a massive vector field. Then one cannot go 
into the Wess-Zumino gauge, and the fermion which is the theta component of the 
vector is physical. The supersymmetry variation of this fermion contains the term 

, (45) 

which is non- vanishing if A^ is non-zero. 

Note that in all these examples, half the supersymmetry may be preserved, de- 
pending on the choice of VEV. For example, in eqn. (JTj), variations "orthogonal" to 
u^d^s vanish, as appropriate for 3d supersymmetry. 
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B The list of operators 



We now list the leading Kahler potential terms that couple the MSSM fields to the 
spurion of section [2j We omit operators that merely renormalize the usual MSSM 
Kahler terms. 

Single S, chiral MSSM superfields: 

(1/Af 3 ) d fl SQh v V^ L Q + c.c. (46) 

(1/M 2 ) D a SQ ] e v V a Q + c.c. (47) 

Single S, MSSM gauge superfields: 

(1/M 3 ) d fl SW a a^W" + c.c. (48) 

(1/M 3 ) D a SW l3 V a W f3 + c.c. (49) 

(1/M 4 ) d^S W a d fl W a + c.c. (50) 

(1/M 4 ) d^Sa^ W p V™V a Wf3 + c.c. (51) 

S 2 , MSSM chiral superfields: 

(1/M 3 ) D a SD a SQ*e v Q + c.c. (52) 

(1/M 4 ) D a SD & S* t> d Q^e v V a Q + c.c. (53) 

(1/M 4 ) dpSDe.tf Q^e v a^ a V a Q + c.c. (54) 

(1/M 5 ) d ll S^D a SV l &e v V a Q + c.c. (55) 



S 2 , MSSM gauge fields: 



(1/M 6 ) ^^^ra^r + c.c. (56) 

(1/M 4 ) W "a^ZWp + c.c. (57) 

(1/M 4 ) D a SD a SW p W p + c.c. (58) 

(1/M 4 ) L> Q SW Q D & S*W & + c.c. (59) 

(1/M 5 ) D p Sd"Sta ltmk W*VpW a + c.c. (60) 

(1/M 6 ) D p Sd"S^ W a d il V fi W a (61) 



S* 3 , MSSM chiral superfields: 



(1/M 5 ) D a Sa' t a& D & S^d li SQ^e v Q + c.c. (62) 

(1/M 6 ) {D a SD a S + D 6l S^D^S^)d tl (S + S^)Q^e v V (1 Q (63) 

(1/M 5 ) D a SD a SD^V $ Q^e v Q + c.c. (64) 

(1/M 6 ) DSa»DS ] D p SV^e v V p Q (65) 

(1/M 7 ) D a SD«S^d^SVaQh v V>*V a Q (66) 
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S 3 , MSSM gauge superfields: 

(1/M 6 ) DSa»DS ] d^S W a W a + c.c. (67) 
(1/M 6 ) D a 3D a 3d ti 3Wa' t W + c.c. (68) 
(1/M 6 ) DaSW & S j! D a SW l3 V a Wp (69) 

(1/M 7 ) D^Da^S'W^Wjg + C.C. (70) 

(1/M 7 ) D a SD a SD^ W^W 1 W 1 (71) 

(1/M 6 ) D a SD a SD dl S^D & S^ W P W P + c.c. (72) 

(1/M 6 ) D a SD a SDaS ] D h S^ Q ] e v Q (73) 

(1/M 8 ) dnSD a SD & &D & & V^e v V a Q + c.c. (74) 

(1/M 8 ) D 6t S i D & S^D a Sd ,i Sa tly pW^VyW a + c.c. (75) 

If we introduce a U(l) under which S has charge +1, with all MSSM fields neutral, 
only operators (I53H571 1591I6TI [721175]) are allowed. Taking the i?-charge of S to be zero, 
only operators (1531 [Ml E3 ESI ESI [HJ preserve both the £7(1) and the i?-symmetry. 
Note that scalar masses are generated by (1731) , gaugino masses are generated by (I72"|) 
and A-terms are generated by ([52]) . 



References 

[1] D. Colladay and V A. Kostelecky, Phys. Rev. D 58, 116002 (1998) 
[arXiv:hep-ph/9809~5"2~I] . 

[2] S. R. Coleman an d S. L. Glashow, Phys. Rev. D 59, 116008 (1999) 
[arXiv:hep-ph/9812418] . 

[3] N. Arkani-Hamed, H. C. Cheng, M. A. Luty and S. Mukohyama, JHEP 0405, 
074 (2004) jarXiv:hep-th/0312099| ; N. Arkani-Hamed, H. C. C heng, M. Luty 
and J. Thaler, JHEP 0507, 029 (2005) |arXiv:hep-ph/0407034] . 



[4] A. G. Cohen and S. L. Glashow, arXiv:hep-ph/0601236 



[5] H. C. Cheng, M. A. Luty, S. Mukohyama and J. Thaler, arXiv:hep-th/0603010 



[6] Y. Gro ssman, C. Kilic, J. Thale r and D. G. E. Walker, Phys. Rev. D 72, 125001 
(2005) |arXiv:hep-ph/0506216] . 

[7] S. Groot Nibbelink an d M. Pospelov, Phys. Rev. Lett. 94, 081601 (2005) 
[arXiv:hep-ph/0404271] ; P. A. Bolokhov, S. G. Nibbel ink and M. Pospelov, 
Phys. Rev. D 72, 015013 (2005) |arXiv:hep-ph/0505029| . 



12 



[8] M. L. Graesser, I. Low and M. B. Wise, Phys. Rev. D 72, 115016 (2005) 
[arXiv:hep-th/0509180] . 

[9] Andrey Katz, work in progress. 

[10] V. A. Kostelecky and C. D. Lane, Phys. Rev. D 60, 116010 (1999) 



|arXiv:hep-ph7 9908504| . 

[11] R. Bluhm and V. A. Kostelecky, Phys. Rev. Lett. 84, 1381 (2000) 
[arXiv:hep-ph/9912542] . 

[12] V. A. Kostelecky an d M. Mewes, Phys. Rev. Lett. 87, 251304 (2001) 
|arXiv:hep-ph/0111026]; V. A. Kostel ecky and M. Mewes, Phys. Rev. D 66, 
056005 (2002) |arXiv:hep-ph/0205'2lTl . 

[13] H. Muller, Phys. Rev. D 71, 045004 (2005) |arXiv:hep-ph/0412385| . 

[14] V. A. Kostelecky, Phys. Rev. D 61, 016002 (2000) [arXiv:hep-ph/9909554| . 

[15] M. Dine, A. E. Nelson and Y. Shirman, Phys. Rev. D 51, 1362 (1995) 
[arXiv:hep-ph/9408384] ; M. Dine, A. E. Nelson, Y. Nir and Y. Shirman, Phys. 
Rev. D 53, 2658 (1996) [arXiv:hep-ph/9507378] . 



[16] A. G. Cohen and D. Z. Freedman, arXiv:hep-th/0605172 



13 



